Continuing advances in stem cell science have prompted researchers to envisage the potential application of stem cells for the management of several debilitating disorders, thus raising the expectations of transplant clinicians. In particular, in order to find a source of adult stem cells alternative to embryonic stem cells (ESCs) for the exploration of novel strategies in regenerative medicine, researchers have attempted to identify and characterise adult stem/progenitor cells resident in compact organs, since these populations appear to be responsible for physiological tissue renewal and regeneration after injury. In particular, recent studies have also reported evidence for the existence of adult stem/progenitor cell populations in both mouse and human thyroids. Here, I provide a review of published findings about ESC lines capable of generating thyroid follicular cells, thyroid somatic stem cells and cancer stem cells within the thyroid. The three subjects are analysed by also considering the criticism recently raised against their existence and potential utility. I comment specifically on the significance of resident thyroid stem cells in the developmental biology of the gland and their putative role in the pathogenesis of thyroid disorders and on the protocols employed for their identification. I finally provide my opinion on whether from basic science results obtained to date it is possible to extrapolate any convincing basic for future treatment of thyroid disorders.
Introduction
Recent discoveries in stem cell research both in vitro and in vivo have opened new pathways for understanding many of the physiological mechanisms controlling basic biological processes as well as disease mechanisms. Although several ethical concerns have been raised regarding the use of stem cells in regenerative medicine, stem cell research has nevertheless opened new routes in the field of medical practice, resulting in powerful new therapeutic options and drug discoveries (Daley 2010) .
The scientific community nowadays recognises mainly two types of stem cells: the embryonic stem cell (ESC) and the somatic stem cell (SSC). Both are defined as clonogenic populations with a capacity for self-renewal and immortality (i.e. extended lifespan or a number of possible divisions; Maenhaut et al. 2010) . Stem cells are capable of asymmetric cell division; this implies that throughout an irreversible, deterministic process, they sequentially generate a qualitatively different hierarchy of differentiated cells with little or no reproductive capacity, reflecting the cell heterogeneity within tissues. Meanwhile, some symmetrical divisions occur that generate two stem cells, thus ensuring homeostatic control (Maenhaut et al. 2010) . There are also important differences between ESCs and SSCs. ESCs can generate all three germ layers and finally all differentiated cells. Instead, SSCs resident in compact organs have a more restricted differentiation potential, showing plasticity and the capacity to produce mature cells of the tissue of origin, but sometimes also to transdifferentiate towards multiple specialised cell types (Li & Clevers 2010) . ESCs reproduce rapidly, and to maintain their undifferentiated state these cells simply need to be protected from differentiating agents. Instead, the division rate of SSCs appear to be low, although this fact has raised controversies (Maenhaut et al. 2010) , and to maintain their undifferentiated state these cells need to be protected in a specific microenvironment: the niche (Morrison & Spradling 2008) . The specific molecular and functional features of SSCs often remain unknown because of their rarity and the technical difficulties involved in identifying them and characterising their progeny (Gritti et al. 1996 , Nunes et al. 2003 , Alessandri et al. 2004 , Messina et al. 2004 , Fierabracci et al. 2007 , 2008 , Burger et al. 2009 , Maiorana et al. 2009 , Houbracken & Bouwens 2010 , Bertoncello & McQualter 2011 , Hicok & Hedrick 2011 , Tanaka et al. 2011 . It is generally recognised that resident adult stem cells appear to be responsible for maintaining tissue homeostasis and for regeneration of the organ after damage (Li & Clevers 2010) .
The evidence provided for the role of stem cells in embryogenesis and in the self-renewal and homeostasis of adult tissues, especially haematopoietic, has led researchers to hypothesise the putative role of a similar population of stem cells at the origin of tumours and to develop the 'cancer stem cell (CSC) theory' (Lin 2007) . Stem cells of cancer are also recognised as tumour-initiating cells (TICs) or stemloids (Maenhaut et al. 2010) . The 'CSC theory' has already been proposed in the literature to envisage the development of novel therapeutic approaches aimed at the eradication of tumour cells.
Compared with other organs and tissues, resident adult stem cells of the human thyroid have been insufficiently studied for a long time because hypothyroid patients can be adequately treated with the available, well-standardised laevo-thyroxine therapy. This synthetic hormone faithfully reproduces the physiology of the molecule secreted by the gland that is necessary for the growth and metabolism of each cell type in the organism (Beck-Peccoz et al. 2004) . Regarding this latest issue, Lin et al. (2003) initially provided evidence for the possibility of differentiating mouse ESCs into thyrocyte-like cells in vitro. More recently, remarkable achievements in stem cell biology have provided evidence for the presence of adult stem/progenitor cell populations (resident SSCs) within the human and mouse thyroid (Thomas et al. 2006 , 2008 , Hoshi et al. 2007 , Lan et al. 2007 , implying their role in pathophysiology. Data were also published regarding the identification of stem cells in thyroid tumours (CSCs) as the initiator population.
In this review, I therefore provide an in-depth analysis of the three subjects, comparing the morphological and functional characteristics of ESCs, SSCs and CSSs, summarising research that support the role of resident stem cells in the physiology and pathophysiology of different thyroid disorders, as well as highlighting the criticism and the debate raised against their existence and function. I finally try to answer one of the most important questions for the scientific community related to this subject: whether from basic science results obtained on thyroid stem/progenitor cells to date it is possible to extrapolate any convincing basis for the management of thyroid disorders.
ESCs as a source of thyrocytes Lin et al. (2003) first investigated the possibility of generating thyroid hormone-secreting cell lines by the differentiation of mouse ESCs. Of importance, the process of embryoid body development resulted in the appearance of paired box gene 8 (PAX8) and thyroid stimulating hormone receptor (TSH-R), which were under the influence of the main trophic thyroid regulator, TSH. The study presented a powerful model for the study of thyrocyte developmental diseases. Arufe et al. (2006) used a strategy of differentiation where, with the support of Matrigel, highly enriched ESCs formed thyroid follicle-like clusters in a serum-free differentiation medium supplemented with TSH. Putative thyroid follicular cells accounted for only a small percentage (w1%) of differentiated ESCs. More recent studies clearly indicated that TSH is important for the induction and specification of thyrocytes from ESCs, while insulin-like growth factor 1 (IGF1) and insulin are crucial factors for thyrocyte maturation (Arufe et al. 2009 ).
Remarkably, with activin A alone, a member of the transforming growth factor b superfamily, thyroid endoderm could be differentiated from ESC (Arufe et al. 2009 ); a small proportion of cells expressing PAX8 and TSH-R and the sodium iodide symporter (NIS) were produced without the addition of TSH or IGF1 (TSH-independent induction; Ma et al. 2009 , Davies et al. 2011 .
In a recent investigation, Jiang et al. (2010) (reviewed in Lin & Davies (2010) ) used the mouse E14 ESC line to confirm the feasibility of inducing differentiation into thyrocytes by adding TSH and insulin. They again detected thyroid transcription factors PAX8 and thyroid transcription factor 1 (TTF1), but their timing of expression and even that of thyroid-specific genes remains to be. They did, however, provide the first demonstration of TTF1 protein in ESC-derived thyrocytes. However, newly generated thyrocytes failed to produce thyroid hormones, suggesting that the real number of successfully differentiated cells remains to be unravelled.
Adult thyroid stem/progenitor cells
Evidence for resident stem cells in the normal thyroid and its benign pathology Doniach (1974) first hypothesised that the thyroid is a low proliferating organ (vide infra) where follicular cells divide only a few times during a lifetime, four or five times prior to adulthood in humans, and do not divide afterwards (Coclet et al. 1989) . Throughout this slow cell turnover (estimated at 8 . [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . 4 years), the gland is able to maintain its size in physiological conditions (Coclet et al. 1989) . The thyroid gland is, therefore, capable of self-renewal and, based on indirect evidence, the hypothesis of the existence of a population of resident thyroid stem cells was first put forward by Dumont et al. (1992) . For example, following the injection of a low number of cells, growth of thyroid transplants indeed occurred in recipient animals (Mulcahi et al. 1980) . Accordingly, radiobiological cloning experiments demonstrated that foci generation could develop but with very low efficiency. These experiments were clearly indicative of the theoretical number of stem cells within the gland, estimated to be about 1:1000 (Dumont et al. 1992) . Other evidence was subsequently provided for the existence of thyroid stem cells, as summarised below. Takano (2004) already proposed the hypothesis that thyroid cancer cells are derived from the remnants of foetal thyroid cells instead of thyrocytes. A stem cell origin was initially suggested for embryological remnants known as solid cell nests of the thyroid (Reis-Filho et al. 2003 , Rios Moreno et al. 2010 . They are postulated to be derived from the ultimobranchial body and the thyroid diverticulum (Klonisch et al. 2009 ). These structures are composed of two distinct cell types: main cells and parafollicular cells or calcitonin (CT)-producing C cells (Fierabracci et al. 1993) . On histopathological examination, their typical features are not easy to distinguish from squamous metaplasia or carcinomas, thyroglossal cysts and C-cell hyperplasia (Gibson et al. 1982 , Baschieri et al. 1989 . In the light of the aforementioned, Gibelli et al. (2009) has hypothesised that three types of stem cells are present in the thyroid gland: the progenitor of follicular cells (Dumont et al. 1992) of endodermal origin, the progenitor of C cells (Gibson et al. 1982 , Fierabracci et al. 1993 derived from the neural crest, and bipotential progenitors of both follicular and C cells (Gibelli et al. 2009 ). Reis-Filho et al. (2003) (reviewed in Burstein et al. (2004) ) first introduced the idea that the 'main' cells of solid cell nests, expressing the basal/stem cell marker p63, while negative for terminal thyroid differentiation markers such as thyroglobulin (TG) of thyrocytes and CT of parafollicular cells, would be the real thyroid stem cells; these elements are found in solid cell nests often admixed with separate regular follicular cells lining a follicular lumen. This hypothesis, put forward by different authors, certainly deserves to be further explored. The p63 population of cells has been demonstrated to possess some stem cell properties, including a capacity of self-renewal and the ability to differentiate into more than one cell type (Cameselle-Teijeiro et al. 1995) .
Embryological remnants
Microchimerism Another source of stem/progenitor cells was suggested to derive from foetal-maternal bidirectional trafficking of cells, a phenomenon occurring in almost all placental species (Liegeois et al. 1977) . The presence of allogenic foetal cells in maternal tissues is also known as microchimerism (Klintschar et al. 2001 , Srivatsa et al. 2001 , Koopmans et al. 2008 , Klonisch et al. 2009 ). At the end of pregnancy, foetal cells have been demonstrated in the peripheral blood of mothers (Srivatsa et al. 2001 ) and the persistence of foetal cells was also reported in maternal tissues. According to a recent hypothesis (Srivatsa et al. 2001) , longterm survival of male foetal cells would lead to the generation of autoimmune responses.
Stem/progenitor cells derived from bone marrow
It has also been suggested that in many high-and lowproliferating organs, stem/progenitor cells are furnished by bone marrow (Sherwood et al. 2004 , Klonisch et al. 2009 ). According to Cohen et al. (2007) and Sanders et al. (2009) , this phenomenon could be responsible for the increased risk of secondary thyroid carcinoma observed in patients who have received haematopoietic stem cell transplantation.
Resident adult stem/progenitor cells

Identifying adult stem/progenitor cells in the murine thyroid
The first attempts to isolate adult/stem progenitor cells were performed on the mouse thyroid (Hoshi et al. 2007 , Lin 2007 . Previous experience had shown that a side population (SP) of cells could be selected in the adult mouse bone marrow from the main cell population (MP) as a distinct subset based on its ability to efflux the vital dye Hoechst 33342; the cells were incubated with the dye and then analysed by fluorescence-activating cell sorter (FACS) analysis (Goodell et al. 1996) . It was subsequently proven that the expression of ATP-binding cassette-dependent transporter ABCG2 (Thomas et al. 2008) was responsible for this property and for making the dye efflux of SP cells sensitive to verapamil (Zhou et al. 2001) . SP cells were recognised to have features consistent with stem cells since, when identified in nonhaematopoietic tissues such as liver and muscle (Gussoni et al. 1999 , Hussain et al. 2005 , these elements were able to contribute to tissue regeneration. In the isolation procedure performed by Hoshi et al. (2007) , a single cell suspension of thyroid follicles was obtained by a two-step enzymatic digestion. Dissociated thyroid cells from 4-to 5-week-old mice were then stained with Hoechst 33342. FACS analysis produced a small but distinct population of Hoechst-effluxing cells (0 . 3-1 . 4% of the total cells). In a subsequent step, this population was further characterised for the expression of CD45 marker to distinguish haematopoietic CD45
C from non-haematopoietic (thyroid) CD45
K cells (Shivtiel et al. 2008) . Two other markers expressed in murine haematopoietic stem cells were also tested: the stem cell antigen-1 (SCA1) and the receptor tyrosine kinase c-KIT (van de Rijn et al. 1989 , Edling & Hallberg 2007 . Finally, the authors (Hoshi et al. 2007 ) demonstrated that the SP fraction in the mouse thyroid was composed of two sub-populations of cells:
The SP cells were also sorted based on SCA1 expression. Thyroid SP cells were further subfractionated in SP1 and SP2 cells based on the level of Hoechst efflux, implying that with stronger dye efflux ability, higher stem/progenitor activity may exist. Approximately the same degree of SCA1-positive cells was obtained within the SP1 and SP2 fraction. The thyroid SP cells were further investigated in molecular studies. Quantitative RT-PCR analysis revealed that the ABCG2 gene was similarly expressed in both SP1 and SP2 cells. Nucleostemin (Tsai & Meng 2009 ) was highly expressed in SP1, whereas octamerbinding transcription factor 4 (OCT4) expression was detected in both SP fractions and not significantly expressed in MP cells. Thyroid-specific genes, in particular thyroperoxidase (TPO) and TG, were highly expressed in MP cells, followed by SP2 and SP1 cells. Weak expression of TTF1 (Guazzi et al. 1990 , De Felice & Di Lauro 2004 ) and TSH-R was detected in the SP2 fraction; this led to envisage the possible role of the two genes in the commitment and maintenance of the thyroid lineage.
Localisation of ABCG2-expressing cells in the thyroid gland was determined using nonisotopic in situ hybridisation and immunofluorescence. ABCG2 expression was detected only in a small number of cells in the interfollicular space, but not in cells lining the follicles. On the basis of gene expression analysis, the authors concluded that thyroid SP cells, and in particular SP1 cells, are less differentiated and have characteristics of stem/progenitor cells.
Identifying adult stem/progenitor cells in the human thyroid
In recent years, remarkable achievements in stem cell biology have led to the identification and characterisation of resident adult stem/progenitor cells in human goitres. Thomas et al. (2006) first provided evidence for adult stem and precursor cells of endodermal origin in the human thyroid glands by investigating the expression of the stem cell marker OCT4 and the early endodermal markers GATA binding protein 4 (GATA4) and hepatocyte nuclear factor 4 a (HNF4a) in histological slides and cultured cells derived from goitres, in the FRTL5 murine cell line and in thyroid carcinoma cell lines. It is well known that thyroid follicular cells are derived from the endoderm (Di Lauro & De Felice 2001) , that GATA4 expression increases when ESCs differentiate into endoderm (Zhang et al. 2007) , and that HNF4a is expressed early in endoderm formation (Kanazawa et al. 2009 ). Stem cell markers were detectable in all primary cultures; on the contrary, no expression was revealed in the differentiated FRTL5 line. TSH stimulation did not affect the expression of the stem cell marker mRNA. Immunohistochemical examination of cultured cells and of tissue sections from goitres revealed single cells positive for OCT4, GATA4 and HFN4a, therefore identified as progenitors, while being negative for TG expression. Cells were dispersed within follicles, without the evidence for a niche. Expression of OCT4 but not of GATA4 was also detected in some thyroid carcinoma cell lines. By FACS sorting of cultured cells, a small number of OCT4-, GATA4-and HFN4a-positive cells were isolated. Co-localisation studies in double stainings revealed a large population of TG-positive but OCT4-negative cells and a small population of OCT4-positive but TG-negative cells. Increasing the concentration of TSH in the culture medium did not affect the percentage of OCT4-positive cells as revealed by FACS analysis. Lan et al. (2007) established monolayer cultures of human thyrocytes from nodular goitres. From these cultures, adult stem cells were isolated as SP by FACS from differentiated thyrocytes and endodermal marker-positive cells due to their ability to express the specific marker of embryonic and adult stem cells ABCG2 (Thomas et al. 2006 , 2008 , Hoshi et al. 2007 , Lan et al. 2007 , Lin 2007 . SP-gated cells accounted for about 0 . 1% of total cells. Semiquantitative RT-PCR analysis demonstrated that SP cells expressed ABCG2 and the stem cell marker OCT4 but were negative for thyroid differentiation markers TG, TPO, TSH-R and NIS. Non-SP cells expressed instead all the thyroid differentiation markers as well as PAX8 (Pasca di Magliano et al. 2000) , which is crucial in early stages of thyroid development. SP cells were FACS sorted by the Hoechst 33342 efflux technique and cultured in the presence of epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF). Intense growth stimulation was produced by co-culture with thyrocytes; this resulted in the formation of non-adherent three-dimensional (3D) spheres (thyrospheres) since 5 days of culture. No sphere was observed in the presence of serum and TSH. 5-Bromo-2 0 -deoxyuridine (BrdU) incorporation experiments demonstrated that thyrospheres grew in size by stem cell division. Even in this study, in RT-PCR, cells from thyrospheres expressed the stem cell marker OCT4, ABCG2, and the endodermal markers GATA4 and HNF4a but were negative for thyroid differentiation markers PAX8, TG, NIS, TSH-R and TPO. On the first day of culture, sphere cells did not express TSH-R transcripts. On FACS analysis, growth factor-stimulated cells contained an increased SP population than in primary thyroid cultures up to 5% of stem cells. After 3 days in the presence of serum TSH-R started to be expressed at low levels. With the addition of TSH for an additional 18 days, TSH-R expression gradually increased from days 3 to 21. Afterwards, cells from thyrospheres produced thyrocytes expressing PAX8 and all the typical thyroid differentiation markers, but almost no stem cells or endodermal markers. Analysis of cell proliferation demonstrated that sphere cells proliferated rapidly during the first 3-4 days of sphere formation in response to intense growth stimulation and that proliferation slowed down on day 5. Conversely, upon stimulation with TSH and serumenriched medium, sphere-derived cells behaved as primary cultured thyrocytes. In addition, when embedded in 3D collagen gels, differentiated cells showed TSH-dependent 125 iodide uptake; no evidence was provided for the generation of thyroid follicles. No data from long-term culture experiments were reported in this study and no evidence for the clonogenicity of single cells in vitro and the possibility of multi-lineage differentiation in vitro was provided, elements which are critical for the recognition of a tissue-specific adult stem cell.
In my laboratory, spheroids with self-replicative potential were obtained from normal glands and affected with benign pathology . Cells were isolated by enzymatic digestion of fresh thyroid tissue and cultured in a special 'spheroid medium' containing EGF and bFGF. Within 7-10 days of culture, few residual differentiated cells remained attached to the bottom of the culture dish. Meanwhile, small primary clusters of cells appeared floating in the supernatant, started to proliferate and became increasingly more numerous, with a 'spheroid-like' structure (thyrospheres). Lines of spheroids were generated that could be maintained in the culture for an average time of 2 months. Of importance, clonogenesis experiments demonstrated that spheroids generated from the thyroid specimens were A FIERABRACCI . The search for thyroid stem/progenitor cells found to be composed of clonally derived cells and did not simply represent cellular aggregates. Thyrospheres were analysed by immunocytochemistry on cytospun slides and in FACS analysis. The isolated stem/progenitor cell population contained a subset of CD34 C CD45 K cells; a small number of cells, variable from one generated line to the other, expressed TG and TPO, whilst being constantly negative for TSH-R and NIS expression. It would have been interesting to show whether TG and TPO were co-localised in the same cells, or whether CD34 was co-localised with the other thyroid differentiation markers. Nevertheless, similar experiments could not be performed, because monoclonal antibodies (MoAbs), directly conjugated with different fluorochromes, directed against these thyroid differentiation markers, are not commercially available. It is relevant to underline the expression at the mRNA level of nestin and pluripotency markers OCT4 and NANOG (Chambers et al. 2003) in all the lines examined. In differentiation conditions (i.e. 3D collagen gel cultures in the presence of differentiation medium lacking EGF and bFGF, but in the presence of serum), the population was able to generate follicles with typical thyroid hormone production. In immunocytochemistry, cells within follicles were all positive for TG, while TPO positivity was more evident in cells placed at the periphery of the follicles. The expression of TSH-R was not detectable. When freshly isolated spheroids were co-cultured with a neuroblastoma cell line, they generated cells expressing the neuronal marker b-tubulin III. Spheroids were also able to differentiate towards the adipogenic phenotype when cultured in adipogenic medium. Thyrospheres were not tumourigenic when injected into SCID (severe combined immunodeficiency) mice.
Are thyroid stem/progenitor cells really necessary in normal physiology and pathophysiology?
All the evidence reported so far (vide supra) simply supports the presence of thyroid stem/progenitor cells within the normal human thyroid. Nevertheless, to date, multi-potent stem cells identified by 'unique' markers have not been isolated from the human thyroid (Tables 1 and 2 ) and there is no obvious consensus on the method employed for their isolation and identification. I agree with recently raised criticism (Prof. JE Dumont, International Thyroid Meeting, Paris 11-16 September 2010 and personal communication) that, in published articles, sometimes there is not a clear definition of the protocols employed and the results obtained after each step. It remains possible to speculate that thyroid stem/progenitor cells divide by asymmetric cell division, giving rise to two daughter cells: one identical to the mother cell and the other belonging to a stem cell compartment of differentiating committed progenitor cells. As suggested by the immunophenotypic characteristics of single elements within thyrospheres , these would start to progressively acquire typical phenotypic markers of differentiation and finally reach the adult cell type. Nevertheless, a few arguments were recently addressed against a putative role of thyroid stem cells in thyroid physiology and benign pathophysiology (Prof. JE Dumont, International Thyroid Meeting, Paris 11-16 September 2010 and personal communication) . First of all, it is remarkable to observe that in the human body, there are high-and lowproliferating organs with high and low cell turnover respectively. The stem cell compartment is usually well limited in highly proliferating tissues. In citing examples, the mammalian intestine is covered by a single layer (van der Flier & Clevers 2009) of epithelial cells that is fast renewed every 4-5 days. As the function of stem cells is to maintain the integrity of the intestinal epithelium, it must self-renew, proliferate and differentiate within a protective well-limited niche, which comprises both extrinsic and intrinsic signals that govern cell fate (Yen & Wright 2006) . The niche is made up of proliferating and differentiating epithelial cells and surrounding mesenchymal cells. These mesenchymal cells promote the epithelial-mesenchymal cross talk required to maintain the niche. Both quiescent (out of cell cycle in a low metabolic state) and active (in cell cycle and not able to retain DNA labels) stem cell populations would coexist under the influence of both extrinsic and intrinsic signals that govern their fate (Yen & Wright 2006) .
Additive examples of tissues with high turnover include the skin and cornea. The thyroid instead falls within the organs such as heart, muscle, brain and liver (Coclet et al. 1989 , Dumont et al. 1992 ) that exhibit a low cell turnover, where the stem cell compartment or niche is not well limited and remains hidden. This has led some authors to suggest that in these organs the putative role of stem cells is of lower importance to organ homeostasis and not necessary as in renewing shedding epithelia (Prof. JE Dumont and Prof. ED Williams International Thyroid Meeting, Paris, 11-16 September 2010). In addition, the role of thyroid stem cells in tissue homeostasis, wounding response or reparation after the thyroiditis process remains to be proven.
Some important speculations were also addressed by the analysis of thyroid growth models. It has to be underlined that in spite of the low cell turnover that guarantees its size during a lifetime, the thyroid retains the capacity to grow by cell hypertrophy and proliferation in response to a stimulus that is controlled by the physiological negative feedback mechanism of TSH (Larsen 1982) . The frequent and heterogeneous presentation in growth and function of benign and malignant nodular pathology cannot be simply explained by genetic background, environmental factors (Peter et al. 1982) , iodine deficiency (Studer et al. 1974) , mutagenic events, altered Derwahl & Studer (2002) and Krohn et al. (2005) ). In this complex heterogeneity in growth and function, the role of the expanded committed progenitor cell compartments of different clonal origins must be prominent rather than of stem cells. These are estimated to increase up to 1-2% of nodular goitre cells (Gibelli et al. 2009 ); however, their specific behaviour and contribution in goitrogenesis in the opposing programs of proliferation and differentiation remain to be further elucidated.
Experimental data have also been reported that diminish the putative role of thyroid stem cells in the regenerative process (Prof. Dumont, International Thyroid Meeting 2010, Paris) and growth. For instance, mice and human differentiated thyrocytes divide (Ramelli et al. 1982 , Coclet et al. 1989 and can generate new follicles (Peter et al. 1982) , without the need for thyroid stem cells. Transplantation experiments in nude mice have also suggested the presence within nodular goitre tissues of autonomously growing thyroid-derived cells (Peter et al. 1985) . New follicles can derive from single cells of a thyroid epithelium of polyclonal origin. It is also remarkable that mice-rat thyrocytes can divide up to five times under physiological stimulus, then stop dividing (Wynford- Thomas et al. 1982) . Regrowth after exeresis of the thyroid gland in congenital hyperthyroidism (Holzapfel et al. 1997) implies the prominent role of differentiated cells with constitutive activation of the TSH-R. In the light of the aforegoing, I must address that if stem cells are apparently not strictly necessary for tissue renewal or physiology, this is not a valid argument to state that they cannot exist.
Thyroid CSCs
It has been pointed out that cancer is characterised by mutations responsible for uncontrolled cell proliferation (Klonisch et al. 2009 ). Resident stem cells are nowadays considered the main candidates for transformation and tumourigenesis, as highlighted above. It is generally recognised that CSCs within tumours (Bomken et al. 2010) represent a small population of cells with self-renewing ability and that are responsible for maintaining tumour bulk, the metastatic process and tumour resistance to conventional anticancer therapies (Bomken et al. 2010 , Malaguarnera et al. 2010 . This hypothesis was also presented for the origin of thyroid tumours (Lin 2011) . It is still a matter of debate whether thyroid CSCs derive from de-differentiation of mature thyrocytes (Mitsutake et al. 2007 , Thomas et al. 2008 , Gibelli et al. 2009 ); alternatively, they could derive, according to the foetal stem cell carcinogenesis hypothesis, from normal stem or progenitor cells. Therefore, different levels of altered biological pathways would be responsible for different histological patterns with different degrees of aggressiveness. The transformation of thyroid stem cells would be at the origin of anaplastic thyroid carcinomas (ATCs), the transformation of thyroblasts would lead to PTC and that of prothyrocytes to FTC (Takano 2007) .
In the paper by Mitsutake et al. (2007) , the presence of SP cells was evaluated due to their ability to exclude the DNA binding dye Hoechst 33342 in five thyroid cancer cell lines: two anaplastic (ARO and FRO), two papillary (NPA and TPC1) and one follicular cancer cell line (WRO). SP cells were, therefore, sorted and cultured in vitro. (Tables 2-4 ). These lines were also positive for the marker oncofoetal fibronectin and negative for thyroid-specific differentiation markers. Sorted CD133-positive cells exhibited higher proliferation, self-renewal, colony-forming ability than ARO/CD133-negative cells. The expression of the stem cell marker OCT4 detected by RT-PCR was markedly higher in ARO/CD133-positive than in ARO/CD133-negative cells. Friedman et al. (2009) showed that CD133-positive ATC cells (from ARO and FRO cell lines), but not CD133 negative ATC cells, induced tumours in vivo when injected into immunodeficient NOD/SCID mice. The CD133-positive cell pool could be separated by flow cytometry into two distinct populations: cells highly expressing CD133 and cells with low CD133 expression. The rapidly proliferating cells, highly positive for CD133, were most efficient in long-term tumourigenesis. This subset also expressed high levels of the SCA OCT4 and the TSH-R. When ATC cells were treated with TSH, there was a threefold increase in the number of CD133 C cells and a dose-dependent upregulation of OCT4 and TSH-R in these cells. However, Ringel (2008) emphasised that caution is warranted when considering the existence of CSC populations in ATCs, because derived lines have been found to be contaminated and not of thyroid origin after genetic evaluation (DNA fingerprint) to ascertain their identity and stability (Tables 3 and 4) .
Recently, cancer thyrospheres with stem/progenitor-like cell properties were isolated from three human PTCs (Malaguarnera et al. 2010) according to previously established protocols (Lan et al. 2007 ; Tables 2-4). The generated lines were positive for several putative stem cell markers: OCT4, ABCG2, SOX2 (or SRY box protein 2, sex determining region Y box protein 2), CD133, CD44 and NANOG, expressed at much higher levels than in normal thyrospheres; they showed low levels of TTF1, PAX8 and TSH-R, while being totally negative for other thyroid-specific differentiation markers and specific for other lineages (mesenchymal, neural and haematopoietic). The expression of differentiation markers gradually increased in normal sphere-derived differentiating cells; the highest expression was reached after 21 days of TSH treatment. In agreement with the poorly differentiated phenotype of the thyroid cancer specimens of origin, cancer thyrospheres did not differentiate when exposed to serum and TSH. It was shown that insulin receptor (IR) isoforms and IGF receptor (IGF-IR) play a role in the biology of follicular thyroid precursors, which may open the pathway to future differentiation therapies in thyroid cancer (Malaguarnera et al. 2010) . Cancer thyrospheres expressed a higher IR:IGF-IR ratio in comparison with thyrospheres from normal thyroid tissue obtained from patients who underwent surgical treatment for solitary benign adenoma. Todaro et al. (2010) recently clearly showed that thyroid cancer derives from a small population of CSCs that account for 1 . 2-3 . 5% of the whole thyroid cancer population. In the isolation procedure, thyroid cells were resuspended in medium containing EGF and bFGF and plated on ultralow adhesion 96-well plates at a concentration of a single cell per well. CSCs possessed high aldehyde dehydrogenase activity (ALDH high ). An elevated percentage of cells expressing this marker were self-renewing with unlimited replication potential and clonogenic properties when cultured in serum-free medium. They grew as cancer thyrospheres; during their formation, single cells with ALDH high replicate with symmetrical and asymmetrical cell division and produce other clonogenic cells together with a progeny with limited proliferation capacity. By means of immunocytochemistry and flow cytometry, the expression of differentiation/ stemness markers was analysed; distinct protein expression profiles were observed among the different cancer types (Table 3) . TG and the transcription factor TTF1 were detected in all PTC and FTCs but were reduced or absent in anaplastic thyroid cancer (UTC). CD133 was not detected. Cancer thyrospheres, when injected in immunodeficient mice, generated tumour xenografts with constitutive activation of the cMET/AKT (Engelman et al. 2007 , Moumen et al. 2007 ) pathway, known to be related to an aggressive phenotype. Based on the detection of ALDH1 activity, CSCs were also identified within the human UTC-8505C cell line (reviewed in Klonisch et al. (2009) ).
In the recent study by Zheng et al. (2010) Zhu et al. (2010) recently proved the existence of CSCs also in medullary thyroid carcinoma (MTC) cell lines. It is well known that dominant-activating mutations of the rearranged during transfection (RET) tyrosine kinase receptor protooncogene play a fundamental role in the development of MTC (Santarpia et al. 2009 ). The authors pointed out that, although a universal marker for CSC has not yet been identified, these cells were positive for CD133 and demonstrated for the first time a crucial role for RET protooncogene, bFGF and EGF in CSC self-renewal. These cell lines also expressed additional neuronal line-specific markers consistent with their neural progenitor cell origin: b-tubulin isotype III (TUBB3) and glial fibrillar acidic protein (GFAP). They speculate, therefore, that the three factors contribute to MTC progression because they favour CSC renewal. Novel experimental evidence suggests that new avenues for MTC treatment should aim to inhibit tyrosine kinase receptors as well as target bFGF and EGF receptors (Ezzat et al. 2005 , Santarpia et al. 2009 ).
Discussing the putative role of thyroid CSCs
In principle, the re-expression of some SSC and ESC markers (i.e. OCT4) in thyroid tumours may support their generation from stem cells (Tables 2-3 ). An ESC-like gene expression is found in poorly differentiated aggressive human tumours, suggesting that, putatively, these genes contribute to their stem cell phenotype (Ben Porath et al. 2008) .
Nevertheless, arguments have been raised against the hypothesis that SSCs are at the origin of thyroid tumours. As reported by Prof. JE Dumont and Prof. ED Williams at the International Thyroid Meeting in Paris, 11-16 September 2010, papillae can simply generate from follicles (Peter et al. 1985) and highly malignant tumours may arise from preexisting low-grade tumours (Williams 1995) . Of note, transgenic models of thyroid tumours utilise oncogenes under the control of the TG promoter (Knostman et al. 2007) , which is active only in differentiated cells. In case of tumours from stem cell tissues like testicular germ cells tumours, the stem cell origin of cancer is obvious. In addition, they express the canonical ESC transcription factors (NANOG, OCT3/4 and SOX2; Kristensen et al. 2008) .
While the concept of the CSC origin in tissues in which the life of non-stem cells is short, such as blood, colon, uterus, prostate, skin and mucosa (Wicha et al. 2006 ) is plausible, this is less evident for tissues with long living cells that can multiply several times (i.e. liver and thyroid). In particular, thyroid tumours (benign or malignant, FTC, PTC) are composed of well-differentiated slow-growing cells (Prof. Dumont, Prof. Williams communication at the International Thyroid Meeting in Paris, 11-16 September 2010). Another important argument that was raised is the observed increasing malignancy in thyroid related to increased number of undifferentiated cells with the aging process.
On a general ground, arguments have also been recently raised related to the properties that different authors have considered to define CSCs and their derivatives (Maenhaut et al. 2010) . The unique population of CSCs should express a distinct repertoire of surface markers to allow their isolation and purification. Nevertheless, markers proposed by different authors are different for the different types of cancers and different from those of SSCs. As shown in Table 3 , this clearly applies to thyroid CSCs that have been identified by different procedures, examined and found positive for different markers. The second property relates to the selectively endowed tumourigenicity for CSCs that implies the existence of two populations of cells: the selfrenewing and immortal CSSs and the derived population with limited lifespan, therefore innocuous. According to some authors, CSCs correspond to SP cells. This concept is directly transposed from the SSC concept replacing tissue regeneration by the potential to generate tumours (Maenhaut et al. 2010) .
Certainly, if generally accepted for SSCs, some properties cannot be simply ascribed to CSCs as well. These include the existence of a niche, the asymmetric cell division, and the fact that derived cells are originated by a deterministic, irreversible and qualitative process, without intermediate quantitatively modified products. Rather, CSCs could be more appropriately defined as tumour-propagating cells (TPC-CSC) with properties maintained by (epi)genetic mechanisms leading to heterogeneity and partially reversible. CSCs would have originated instead by a quantitative stochastic process (Maenhaut et al. 2010) . As proposed by Dalerba et al. (2007 ) (reviewed in Floor et al. (2011 ), the minimal definition of TPC-CSC is that of cancer cells with infinite lifespan able to generate all types of differentiated cells found in a cancer. Independent of the latest concept, the existence of other populations of cancer cells with special properties has been hypothesised. These include cells in epithelial-mesenchymal transition (EMT; Cannito et al. 2010) . This concept derives from the observation that tumour progresses locally by cell migration; however, some cells detach and undergo EMT, migrating separately with the appearance of mesenchymal stem cells. Reversible EMT can be induced in vitro by extracellular matrix or factors (Coclet et al. 1991) . In specialised cells like dog and rat thyrocytes, this progress is promoted by hepatocyte growth factor, EGF or even by culturing cells (Coclet et al. 1991) . Classical growth factors such as TGFb but also EGF contribute to the generation of both CSC and EMT phenotypes. In particular, TGFb is overexpressed at the invasive front of PTC (Riesco-Eizaguirre et al. 2009 ). Of note, EMT cells, if they act as vectors of metastasis, should be TPC-CSC to generate all the types of metastasis. On the contrary, TPC-CSC to metastasise should undergo EMT and subsequently mesenchymalepithelial transition (MET).
The term TIC (vide supra) has also been proposed, which does not imply any conclusion regarding the origin. However, this concept remains debated (Shipitsin et al. 2007) . It is quite important to observe the behaviours of cancer cell lines that are supposed to derive from a selection of CSCs (van Staveren et al. 2009 ). During their generation, cancer cells initially multiply and then develop foci from which they start growing (Masters 2000) . It was observed that, if they derive from CSCs, they would proliferate as ESCs and not as adult tissue stem cells. Remarkably, when cancer cell lines are injected in vivo, they only reproduce some of the features of in vivo tumours. This has led to the hypothesis that all the cells in a cell line culture instead act as TIC-CSC (van Staveren et al. 2009 ).
Final summary and conclusions
The potential of stem cells has mainly been envisaged in the management of debilitating human disorders on account of their theoretical ability to transdifferentiate into clinically significant amounts of functional pancreatic b cells, hepatocytes, cardiomyocytes and neurons. Therefore, new perspectives have opened up regarding the treatment of neurological conditions such as Parkinson's disease, heart diseases such as myocardial infarction, and insulin-dependent diabetes mellitus (type 1 diabetes).
The thyroid represents a critical hormone-producing organ whose function is compromised in several conditions including goitre, adenomas, hypothyroidism and autoimmune diseases (Braverman & Utiger 1991) . Research has to find solutions and exploit novel strategies to improve their management.
In the future, a new avenue of 'tailored' therapies for the benefit and personalised care of thyroid patients could theoretically be opened by the use of novel sources of adult stem/progenitor cell populations, although (vide supra) criticism has been raised against the putative role of thyroid stem cells in the regeneration process. In spite of all the concerns, the issue of generating thyrocytes from stem cells must be definitively pursued to answer relevant questions in basic science that are prerequisites to any translational application. Appropriateness of methodologies so far employed for the identification of stem cells in the thyroid has been debated (Prof. JE Dumont, International Thyroid Meeting, Paris, 11-16 September 2010) . I must emphasise that so far published studies only provide evidence on the existence of thyroid stem cells and of thyroid progenitors (vide supra). However, there is no consensus regarding the protocols employed for their identification and differentiation by, from time to time, isolating SP, detection of 'stem cell markers' in histological slides or generation of thyrospheres. In addition, often there is not a clear step-by-step presentation of the protocols in the papers mentioned above. Notably, multipotent stem cells recognised by 'unique' markers have not been isolated from the normal human thyroid and its benign pathology. Thus, many issues remain open.
Another priority question that remains to be answered in the mentioned studies is to prove whether fully differentiated and functional thyrocytes are obtainable in vivo after the in vitro expansion of thyroid stem/progenitor cells. These cells should express all the different thyroid differentiation markers and be capable of iodine incorporation. Therefore, before envisaging their use in replacement strategies, it would be mandatory to first demonstrate that these cells, when transplanted into a hypothyroid animal model, can actively participate in the regeneration of mature functional thyroid follicles . Another essential condition would be that, before injection, the proliferative capacity of the precursor population of adult stem cells must be appropriately monitored. The ideal stem/progenitor cell population must be capable of in vitro expansion to clinically useful quantities of mature thyroid replacement cells.
As outlined above (vide infra), with the basic science data available so far, it is not possible to extrapolate any conclusion on the utility of the identified sources of cells in the treatment of thyroid disorders. In light of the extensive debate that has been recently raised on CSCs, the same considerations can also apply to this population. The new concepts of TPC-CSC, TIC and EMT clearly indicate that more research has to be extensively performed before elucidating the question of the origin of thyroid tumours and being able to unravel future translation strategies for treatment.
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